Adenosine 5'-triphosphate (ATP) synthesis energized by an artificially imposed protonmotive force (5p) in adenosine 5'-diphosphate-loaded membrane vesicles of Escherichia coli was investigated. The protonmotive force is composed of an artificially imposed pH gradient (,pH) or membrane potential (A+j), or both. A ApH was established by a rapid alteration of the pH of the assay medium. A qi\ was created by the establishment of diffusion potential of K+ in the presence of valinomycin. The maximal amount of ATP synthesized was 0.4 to 0.5 nmol/mg of membrane protein when energized by a ApH and 0.2 to 0.3 nmol/mg of membrane protein when a &P was imposed. Simultaneous imposition of both a ApH and A& resulted in the formation of greater amounts of ATP (0.8 nmol/mg of membrane protein) than with either alone. The amount of ATP synthesized was roughly proportional to the magnitude of the artificially imposed Ap. Although p-chloromercuribenzoate, 2-heptyl-4-hydroxyquinoline-Noxide, or NaCN each inhibits oxidation of 1)-lactate, and thus oxidative phosphorylation, none inhibited ATP synthesis driven by an artificially imposed Ap. Membrane vesicles prepared from uncA or uncB strains, which are defective in oxidative phosphorylation, likewise were unable to catalyze ATP synthesis when energy was supplied by an artificially imposed Ap.
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Ion-translocating adenosine triphosphatases (ATPases) are ubiquitous in nature. At least three different types have been shown to exist in a wide range of organisms. The Na+/K+-ATPase, found in many eukaryotic membranes, pumps Na+ out of the cell and K+ inwards, utilizing directly the energy of adenosine 5'-triphosphate (ATP) (25) . The Ca2+-ATPase of sarcoplasmic reticulum catalyzes the movement of Ca2+ across the membrane with energy derived from ATP hydrolysis (3) . In mitochondria and bacteria, the Mg2+-ATPase complex (FoF, in the case of the mitochondrial complex; BFOF, for the bacterial) acts as a hydrogen ion translocating system (16) . Each of these three ATPases have been shown to act reversibly; that is, they establish ion gradients in one direction with concomitant ATP hydrolysis, and they form ATP when the electrochemical ion gradient is of sufficient magnitude to allow for the formation of a high-energy phosphate bond. In erythrocytes, high external Na+ and high internal K+ induced the synthesis of ATP from adenosine 5'-diphosphate (ADP) and Pi (4) . The reversal of the sarcoplasmic reticular Ca2+ pump likewise resulted in ATP synthesis (13) . In mitochondria (20) , chloroplasts (9), 1 Present address: Department of Physiology, Harvard Medical School, Boston, MA 02115. and bacteria (5, 15, 35) , a chemical gradient of proton, acid outside, has been shown to induce synthesis of ATP. Likewise, a membrane potential, which is capable of driving protons electrogenically through the F0F1, has been shown to elicit ATP formation (2, 14, 24) . The demonstration of proton-coupled ATP synthesis lends strong support to Mitchell's proposed chemiosmotic mechanism of energy coupling (16 (10) , in which spheroplasts are prepared by treatment with lysozyme and ethylenediaminetetraacetic acid (EDTA), followed by osmotic lysis. The procedure is modified to allow preloading with ADP (31, 33) or K+ (8, 32 In the past these vesicles have been termed "right-side-out" (31, 33) . However, the recent report of Adler and Rosen (L. W. Adler and B. P. Rosen, J. Bacteriol., submitted for publication) has shown that the vesicles are functionally mosaic. For that reason, the vesicles utilized in these experiments have been termed simply "EDTA-lysozyme vesicles."
Measurement of ATP synthesis. Oxidative phosphorylation was assayed with )-lactate (lithium salt) as described previously (31) . Phosphorylation driven by artificially imposed pH gradients and membrane potentials were performed as described previously (32, 33 ). An alternate method of producing a pH jump was performed by preincubation of vesicles for 10 min at 23°C in a buffer consisting of 10 mM potassium phosphate, pH 8.2, containing 0.28 M sucrose and 5 mM MgCl2. The reaction was then initiated by the rapid addition of enough 1 N HCl to lower the external pH to 2.5. Nearly identical results were obtained using either method. It should J. BACTERIOL.
be pointed out that a white aggregate formed in the vesicle suspension after about 15 s at pH 2.5. This presumably contains denatured vesicles.
As shown previously (32), membrane vesicles contain some ATP bound to the BF,. Moreover, commercially obtained ADP contains trace amounts of ATP. These background amounts of ATP have been subtracted from the data, which are expressed as net ATP synthesis. Other methods. Oxygen consumption was measured by a published method (22) . ATP levels were determined as described previously (27, 31) . Protein concentrations were determined by the method of Lowry et al. (12) , using bovine serum albumin as a standard.
RESULTS

Effect of ionophores and permeant ions on
ApH-driven ATP synthesis. We have previously reported that a pH gradient artificially imposed across the membrane could drive ATP formation from ADP and Pi (33) . The electrogenic influx of protons would be expected to establish a membrane potential, interior positive, which could act as a back pressure for the further influx of protons. Thus, the formation of a reverse membrane potential may reduce the overall magnitude of the protonmotive force driving ATP synthesis. Dissipation of this membrane potential should lead to higher levels of ATP synthesis. Addition of valinomycin, an ionophore for K+ which mediates translocation of K+ according to the Nerst expression, should reduce the membrane potential established by electrogenic proton influx. Valinomycin stimulated the ATP synthesis energized by a pH gradient about 60% (Fig. 1 ). On the other hand, nigericin, which mediates an electrically neutral exchange of H+ for K+ and dissipates proton gradients, inhibited proton-coupled synthesis in the presence of potassium (Fig. 1) , with about 90% inhibition at 2 ,g of nigericin per ml.
Previously, we reported the optimum pH for ATP synthesis energized by an artificial pH gradient as being about 2.5 in the absence of valinomycin (33) . Similar results were obtained when valinomycin was used (data not shown).
However, ApH-driven ATP synthesis in the presence of valinomycin and potassium has a broader pH range than in the absence of valinomycin. The significance of this observation is not known. Figure 2 shows the synthesis of ATP driven by a ApH in the presence or absence of valinomycin in vesicles prepared with or without K+. Valinomycin stimulated in K+ vesicles ( Fig. 2A) but not in Na+ vesicles (Fig. 2B) Preparation of the vesicles in buffer of pH less than 5 caused denaturation, whereas use of buffers of pH 9 or above caused precipitation of a salt that was presumably a magnesium phosphate complex. The yield of ATP was roughly proportional to the size of the pH change (Fig.  3) . Similar results were obtained with ApHdriven Ca2+ transport in everted membrane vesicles (34) .
Effect of electron transport chain inhibitors. The effect of inhibitors of the electron transport chain on ATP synthesis driven by an artificial ApH is shown in Fig. 4 Ap-Driven phosphorylation in BFoF, mutants. Previously, we reported (31-33) that membrane vesicles from a BF1 mutant, NR70, are incapable of ATP synthesis when energy is supplied by respiration, a ApH, or a A+i. This strain lacks the BF1, and its membrane is very permeable to proton (21) . Strain AN120 is also a BF1 mutant lacking ATP hydrolyzing activity. However, this strain is believed to have an inactive BF1, so that the membrane is able to maintain normal proton impermeability.
Butlin et al. (1) reported the isolation of an uncB mutant, which lacks ATP-linked membrane processes although it has normal ATP hydrolyzing activity. Other mutant strains that have characteristics similar to those of uncB mutants have been isolated (11, 26) . Mutants of the uncB type are most likely defective in the BFo or intrinsic membrane protein portion of the ATP synthetase complex.
Membrane vesicles from either AN120 or AN382 failed to synthesize ATP coupled to either respiration or an artificially imposed ApH (Table 2) . Wilson et al. (35) reported similar results using whole cells of AN120. It is very likely that the BFDF1 of AN382 cannot mediate proton movement, so that an electrochemical proton gradient cannot couple to ATP synthesis, nor can hydrolysis of ATP generate a protonmotive force.
Simultaneous imposition of ApH and A+. Simultaneous imposition of both a ApH and a Aqi has been reported to elicit greater ATP synthesis than either alone in mitochondria (29) and chloroplasts (24) . Figure 5 shows ATP synthesis by both a ApH and a A+j, imposed simultaneously, with a maximal level of 0.8 to 0.9 nmol of ATP per mg of membrane protein synthesized. In the absence of a K+ gradient across the membrane, valinomycin stimulated the phosphorylation by ApH about 60% ( Fig. 1 and  2 ). In K+-loaded vesicles, the stimulation by valinomycin was more than 100% at the maximum level (Fig. 5) (33) , in addition to oxidation, was shown to drive the synthesis of ATP in isolated membrane vesicles of E. coli. These results all demonstrate the utility of bacterial systems in the study ofbioenergetics. In the system ofATP synthesis driven by an artificial protonmotive force, net synthesis of ATP is a transient one. This is reasonable since the protonmotive force was a transient one. The artificially imposed proton gradient and potassium gradient dissipate after a short time. If the protonmotive force becomes lower than the threshold level, supposedly about 200 mV (15, 35) , there would be no further detectable synthesis of ATP. Under the conditions described in this paper, acid hydrolysis of ATP might take place, since the pH of assay mixture is very low. Actually, the decrease of ATP level was observed 20 to 30 s after the pH transition.
The pH optimum for the phosphorylation driven by Aip in E. coli cells (14) and E. coli vesicles (32) seems to be around 5. The pH transition from 8.2 to 5.0 produced a small amount of ATP (33) . The reason for this low level of ATP formation would be that the initial protonmotive force, approximately 190 mV, is too small. According to thermodynamic calculations, a force of 210 mV is necessary to obtain an ATP/ADP ratio of 1 with 10 mM phosphate (16) . To 
